The respiratory chain of cyanobacteria appears to be branched rather than linear; furthermore, respiratory and photosynthetic electron-transfer chains co-exist in the thylakoid membrane and even share components. This review will focus on the three types of terminal respiratory oxidases identified so far on a genetic level in cyanobacteria: aa 3 -type cytochrome c oxidase, cytochrome bd-quinol oxidase and the alternative respiratory terminal oxidase. We summarize here their genetic, biochemical and biophysical characterization to date and discuss their interactions with electron donors as well as their physiological roles.
coupled with a high-spin haem a. They reduce molecular oxygen to water and couple electron transfer with the pumping of protons, leading to ATP production. Depending on their substrate specificity, they can be further subdivided into COXs (cytochrome c oxidases; such as aa 3 -type COXs) or quinol oxidases (such as bo-type quinol oxidases).
In contrast, the bd-quinol oxidases (cytochrome bd-quinol oxidases) do not belong to the haem-copper superfamily: they lack the binuclear centre and instead contain two haem proteins. Although the bd-quinol oxidases are not capable of pumping protons, they still generate a membrane potential due to the exclusive use of protons from the negative side of the membrane in the reaction to form water; however, this results in a reduced coupling efficiency.
The aa 3 -type COX
The main type of oxidase, which has been found in all cyanobacteria characterized so far, is the aa 3 -type COX. Its genes are always found in a single operon: ctaCDE (or coxBAC), encoding subunit II (ligates Cu A and is the main docking site for soluble donors), subunit I (ligates haem a and the haem a 3 -Cu B binuclear centre) and subunit III respectively. Some cyanobacteria, e.g. Anabaena sp. PCC 7120, have two copies of the ctaCDE operon (coxBAC1 and coxBAC2) [9] .
This enzyme has been characterized using spectroscopic, immunological and kinetic assays [8, 10] . Evidence for its localization in both the cytoplasmic and thylakoid membranes has been reviewed by Peschek [11] . Its expression and distribution varies with growth conditions, especially salt concentrations [10, 12] .
Its kinetic activity has been investigated using whole cells, membranes and more recently the purified enzyme, with a range of donor proteins (for a recent review, see [8] ). Most of the initial studies were carried out with horse heart cytochrome c; cyanobacterial COX generally shows high reactivity towards this protein [14] . In terms of physiological donors, Pc and Cyt c 6 , the electron donors to Photosystem I in cyanobacterial photosynthesis, are capable of interacting with COX [3, [15] [16] [17] . This has been reviewed by Peschek et al. [8, 11] . Recent work has used a soluble CtaC protein, which, within limits, has enabled estimation of the rate constants for the interaction between the donor and the Cu A centre, and will facilitate further probing of the role of specific residues through mutagenesis studies [18] [19] [20] .
There have been suggestions that a small c-type cytochrome, Cyt c M (cytochrome c M ), is capable of interacting with COX (and indeed Photosystem I) as an alternative to Pc and Cyt c 6 , perhaps under stress conditions such as high light and low temperatures [21] [22] [23] . However, evidence from several studies indicates that Cyt c M does not mediate electron transfer to Photosystem I and that no third mediator can compensate fully for the absence of Cyt c 6 and Pc in an interaction with COX [24, 25] .
Based on sequence similarity to the cytochrome c-binding region of COX from Bacillus sp. and Thermus thermophilus, Cyt c M was proposed to be an additional subunit of COX [26] . This is consistent with the notion that the hydrophobic N-terminus of Cyt c M may function as a transmembrane region rather than a targeting sequence. Although studies with soluble CtaC indicate that Cyt c M is not absolutely required for electron transfer [18] [19] [20] , it may promote binding or act as a redox mediator between soluble electron carriers and COX [26] . Although the measured redox potential (E m ) of soluble Cyt c M was only 150 mV [27] (which would raise a problem for its reduction by Cyt f (cytochrome f ), E m ≈ 330 mV), membrane localization and/or the presence of other COX subunits could potentially increase this to allow Cyt c M to act as a redox mediator.
Although COX appears to be the main terminal oxidase, sequencing projects and genetic approaches [28, 29] have revealed the presence of other potential terminal oxidases: the ARTO (alternative respiratory terminal oxidase) and a bd-quinol oxidase.
The bd-quinol oxidase
Genes homologous with the cydAB operon encoding a bd-quinol oxidase in Escherichia coli were identified in Synechocystis sp. PCC 6803 [29] . Introduction of these cyanobacterial cydAB genes into an E. coli mutant lacking both the bo-and bd-quinol oxidases could restore respiration, indicating that they encode a functional bd-quinol oxidase [30] .
Transcription of cydAB was detected by reverse transcriptase-PCR in Synechocystis sp. PCC 6803 [30] and Anabaena variabilis [31] . Whilst native CydAB has never been isolated, several studies would suggest the presence of a bd-quinol oxidase. Measurement of the flash-induced turnover of Cyt f suggested that there was competition with Cyt f for electrons downstream of Photosystem II, consistent with a functional bd-quinol oxidase [32] . In addition, in vivo studies using dyes responsive to proton concentrations demonstrated that a quinol oxidase is able to energize both the thylakoid and plasma membranes in the presence of DBMIB (2,5-dibromo-3-methyl-6-isopropylbenzoquinone), an inhibitor of the cytochrome bf complex [33] . However, a study investigating the haem content in both cytoplasmic and thylakoid membranes found no evidence of a functional bd-quinol oxidase [34, 35] .
The major quinone in cyanobacteria is plastoquinone-9; however, as discussed by Peschek et al. [8] , no plastoquinonesupported bd-quinol oxidase has yet been identified.
The ARTO
Analysis of the genome sequence of Synechocystis sp. PCC 6803 [29] revealed a set of genes very similar in sequence to the ctaCDE genes, encoding an ARTO. These genes have subsequently been found in most cyanobacteria, with multiple ARTO operons in certain N 2 -fixing species (e.g. Nostoc punctiforme [36] ). However, no ARTO operons have been identified in the thermophilic cyanobacteria Thermosynechococcus elongatus BP-1 { [37] and Prochlorococcus sp. MED4 and MIT9313 (genomes completed; Joint Genome Institute, Walnut Creek, CA, U.S.A.)}.
In general, the genes show the same organization as the COX operon. However, the usual organization of the ARTO operon (ctaCDEII) is fragmented in Synechocystis sp. PCC 6803: the ctaCII gene is in a different region of the genome. The only other example of a different genetic organization found so far is Gloeobacter violaceus PCC 7421 (which lacks thylakoids and has the photosynthetic electron transfer chain in the cytoplasmic membrane), where only the ctaCDII genes are found and no ctaEII gene can be identified in the genome sequence [38] .
Two small genes, encoding hypothetical transmembrane proteins, were found only 24 bp upstream of the ctaCII in Anabaena sp. PCC 7120 and were shown to be co-transcribed with the ARTO genes [36] . Their presence just upstream of ctaCII appears to be conserved among cyanobacteria.
The ARTO complex also appears to be a member of the haem-copper superfamily, as the residues responsible for ligation of the binuclear centre are conserved. However, on the basis of subunit composition, it is more similar to the boquinol oxidases (cytochrome bo-quinol oxidases), as the ARTO subunit II homologue lacks the Cu A site (and is highly conserved where this site would be) [30] .
Transcription of the ARTO genes has been detected in Anabaena sp. PCC 7120 [36] and at lower levels in A. variabilis [31] and Synechocystis sp. PCC 6803 [30] . In Synechocystis sp. PCC 6803, ctaEII transcripts could only be detected in cells grown under low light (hence avoiding light stress that is associated with loss of functional COX) in strains with deletions in both ctaDE and cydAB [30] .
Currently, there is no consensus in the literature on the physiological substrates or role of the ARTO complex. Reactivity towards bovine cytochrome c could not be detected in vitro [28] . However, this is a basic protein (pI ∼ 10), whereas the soluble redox proteins in unicellular species of cyanobacteria are generally acidic [39] . Support for Cyt c 6 as a donor to ARTO came from the presence of an HQNO (2-heptyl-4-hydroxyquinoline N-oxide; an inhibitor of bdquinol oxidases)-insensitive pathway in a ctaCDE − strain of Synechocystis sp. PCC 6803, which could be blocked by deletion of the gene for Cyt c 6 [40] . In addition, a mutant of Synechocystis where both ctaCDE and cydAB were deleted, leaving only the ARTO operon intact, remained capable of energizing the cytoplasmic membrane unless the gene for Cyt c 6 was also deleted [41] . These results indicate a Cyt c 6 -supported COX activity for the ARTO; however, it has been suggested that the result with HQNO may have been due to incomplete inhibition of the bd-quinol oxidase, and that ARTO operates as a bo-quinol oxidase [30] . If so, it is likely to interact with the same redox carriers as the bd-quinol oxidase.
Physiology

Energy metabolism
COX
While COX is not necessary for photoautotrophic growth [30] , it does appear to be needed for chemoheterotrophic growth. Furthermore, chemoheterotrophic growth of Nostoc MAC led to increased levels of Cyt c 6 in the periplasm and increased activity of COX [42] . Indeed, the cox genes appear to be essential to energy metabolism, since they cannot be deleted from a Photosystem I-less (psaAB − ) strain [43] .
The bd-quinol oxidase
The existence of an HQNO-or pentachlorophenol-sensitive respiratory pathway in a COX-less strain of Synechocystis sp. PCC 6803 led to the conclusion that the bd-quinol oxidase could contribute to energy metabolism, at least when COX was not active [41] . The bd-quinol oxidases are associated with a lower coupling efficiency. Thus they may have a physiological role to remove reducing equivalents e.g. under high-light conditions, when COX alone cannot prevent overreduction of the plastoquinone pool [33] . On the other hand, K m estimates for the oxygen affinity of COX and bd-quinol oxidase of Synechocystis sp. PCC 6803 were 1.0 and 0.35 µM respectively [41] . Therefore the bdquinol oxidase may operate under conditions of low oxygen tension.
ARTO
Two previous studies using deletion mutants of Synechocystis sp. PCC 6803 and inhibitors proposed that ARTO was active and could contribute to energy metabolism [40, 41] . Low levels of residual oxygen consumption in a cydAB − ctaCDE − strain of Synechocystis sp. PCC 6803 could be inhibited by KCN, suggesting a functional ARTO [41] ; however, even low levels of respiration could not be observed in an earlier study using the same mutant strain [30] . However, the deletion of the ARTO genes had no further impact on the fluorescence quenching of a COX-less strain of Synechocystis sp. PCC 6803 [33] . The presence of a putative FNR binding site (a transcriptional regulator of the switch from aerobic to anaerobic growth in E. coli) upstream of the ARTO operon may indicate that the ARTO complex functions under anaerobic or micro-aerobic conditions [30] .
Nitrogen fixation
Nitrogen fixation is associated with high respiratory rates, reflecting the high energetic costs of the process and also the need to minimize oxygen levels within the heterocysts to prevent damage to nitrogenase (reviewed in [44] ).
COX
Two COX operons have been found in the cyanobacteria capable of diazotrophic growth. One (COX1) is expressed constitutively, whereas the other (COX2) is specifically upregulated during heterocyst differentiation in Anabaena sp. PCC 7120 [9, 36] and A. variabilis [31] . A potential binding site for NtcA (a global regulator of the genes involved in nitrogen fixation) could be identified upstream of the COX2 operon in A. variabilis [31] . Indications are that COX2 dominates under conditions of nitrogen fixation [31] . However, a COX2 deletion mutant of Anabaena sp. PCC 7120 was still able to fix nitrogen [9] , suggesting that other terminal respiratory oxidases are able to compensate for its loss.
ARTO
ARTO (also named COX3) transcripts were exclusively detected in the heterocysts in Anabaena sp. PCC 7120; expression increased in parallel with COX2 [36] . This upregulation of ARTO was lost in ntcA and hetR mutants (genes involved in regulating the development of nitrogen fixation). Although only low level transcription and no upregulation of ARTO was seen in A. variabilis, there was some evidence that activity of the ARTO increases in A. variabilis grown on dinitrogen compared with the cyanobacteria grown with nitrate [31] . Mutants of Anabaena sp. PCC 7120 in which either COX2 or ARTO was deleted were able to grow diazotrophically; however, deletion of both resulted in almost zero growth under N 2 -fixing conditions [36] .
However, the ARTOs present in non-N 2 -fixing bacteria, e.g. Synechocystis sp. PCC 6803 [29] , if functional, must have a different physiological role.
Energization of the cytoplasmic membrane and salt stress
Although there are components of the photosystems in the cytoplasmic membrane, it is not photosynthetically active [45, 46] . Therefore the respiratory electron-transfer chain is chiefly responsible for the energization of the cytoplasmic membrane (ATPases located in the cytoplasmic membrane are also implicated [13] ), and energization is KCN-sensitive [41] .
Growth of Synechococcus sp. PCC 6311 at increased salt concentrations led to an increase in the rate of respiration ('salt respiration') and the amount of COX at the cytoplasmic (but not thylakoid) membrane [2] . The increased respiration is proposed to generate an H + gradient required to drive H + /Na + exchange. H + /Na + antiporters have been identified in Synechocystis sp. PCC 6803 [47] . COX was shown to be necessary and sufficient for 'salt respiration' [41] .
Conclusions
Whereas the localization and activity of the COX are fairly well understood, the activities and roles of the bd-quinol oxidase and ARTO complex remain in dispute. This is due in part to ambiguities in the interpretation of inhibitor studies. For example, pentachlorophenol has been interpreted as an inhibitor of bd-quinol oxidase and COX, as well as an uncoupler [31, 41, 48] . Similarly, HQNO inhibits both bdand bo-quinol oxidases, but has been used in studies to determine the activity of the ARTO complex [31] , requiring the assumption that ARTO operates as a COX rather than a bo-quinol oxidase. Ensuring adequate levels of an inhibitor can also be problematic (e.g. [40] versus [30] ).
Interpretation of mutant studies can be difficult, as it is often unclear whether effects are direct or indirect, perhaps as a result of stress (e.g. [22, 23] ). Furthermore, results of genetic experiments can produce quantitatively very different results from inhibitor experiments. For example, the apparent respiratory activity remaining in a COX-less strain of Synechocystis inhibited with HQNO was nearly 30 %, whereas residual activity in COX − Cyd − double deletion was only 2 % [41] . To explain this, the possibility of an uncharacterized gene regulatory system is proposed; however, this discrepancy could be due to incomplete inhibition.
Certainly, one major obstacle to accepting ARTO and CydAB as functional terminal oxidases is the absence of their characterization at the protein level. The greatest need is for a direct method to assay the relative contributions of the three oxidases in vivo [31] ; however, the low transcript levels (e.g. [30, 31] ) suggest that any characterization at the protein level may remain problematic.
Overall, branched electron-transfer chains are common in prokaryotes [49] . Thus the idea that multiple oxidases should operate downstream of plastoquinol in cyanobacteria is not surprising. Branched electron-transfer chains would allow cyanobacteria to meet their energetic demands under a variety of environmental conditions and differentiation states, e.g. nitrogen fixation. While sequencing projects have proved to be invaluable tools for revealing the presence of these genes, characterization at the protein level is now crucial to understand fully the roles of the cyanobacterial terminal oxidases.
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